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Propagation of charged particle beams in background plasma as a method of space charge 
neutralization has been shown to achieve a high degree of charge and current 
neutralization and therefore enables nearly ballistic propagation and focusing of charged 
particle beams. Correspondingly, use of plasmas for propagation of charged particle 
beams has important applications for transport and focusing of intense particle beams in 
inertial fusion and high energy density laboratory plasma physics. However, the 
streaming of beam ions through a background plasma can lead to development of the 
two-stream instability between the beam ions and the plasma electrons.  The beam 
electric and magnetic fields enhanced by the two-stream instability can lead to defocusing 
of the ion beam. Using particle-in-cell (PIC) simulations, we study the scaling of the 
instability-driven self-electromagnetic fields and consequent defocusing forces with the 
background plasma density and beam ion mass.  We identify plasma parameters where 
the defocusing forces can be reduced.  
I-Introduction 
Beam-plasma systems have a wide range of applications in Inertial Confinement Fusion 
(ICF) [1,2,3,4], including fast ignition fusion for ICF [5,6,7], high energy density physics 
[8,9,10], astrophysics [11,12,13], atomic physics [14] and basic physical phenomena 
[15,16,17]. The background plasma presents a means of current and charge neutralization 
for charged particle beams, enabling the ballistic propagation of the intense beam pulse 
[18,19,20,21,22,23,24,25,26,27,28]. However, the beam streaming through the 
background plasma can lead to the development of many different instabilities [29, 30], 
from which the two-stream instability is the fastest [29].  
This paper reviews past theoretical and experimental studies of effects of the two-stream 
instability on ion beam propagation in background plasma. We also investigate scaling 
of deleterious effects of two stream instability on the ion beam propagation in 
background plasma with the beam and plasma parameters and determine optimum 
conditions where these deleterious effects can be minimized.  
The theory of the nonlinear development of the two-stream instability for the ion beam 
pulse propagating in plasma was developed initially in Ref. [23]. In the case of an 
electron beam propagating in background plasma, the current driven by the two-stream 
instability can result in enhancement of the total current (beam and plasma return 
currents) and self-magnetic field. This was demonstrated using a PIC code [25] and was 
experimentally observed in Refs. [26, 28]. In the case of an ion beam propagating in 
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background plasma, it has been shown that the two-stream instability between beam ions 
and electrons can also strongly affect the electron return current in the plasma [23, 25, 27, 
31, 32]. In the case of an intense ion beam, the non-linear time-averaged current driven 
by the two-stream instability between the beam ions and the plasma electrons has been 
shown to reverse the direction of the total current and the self-magnetic field. Because of 
the self-magnetic field reversal, in presence of two-stream instability, the self-magnetic 
field causes defocusing of the ion beam. Note that in absence of two-stream instability 
the self-magnetic field causes focusing of the ion beam [33].  
The electric field of plasma waves driven by the two-stream instability can set up a time-
averaged radial electric field (similar to ponderomotive field).  This radial electric field 
defocuses the propagating ion beam [32] similarly to the radial electric field produced by 
electron pressure.  
Therefore, in the case of an ion beam propagating in background plasma in the presence 
of the two-stream instability both the radial electric field and the reversal of the self-
magnetic field act together to defocus the beam as it propagates. Furthermore, high 
intensity longitudinal electric fields of plasma waves generated by two-stream instability 
can strongly modulate the density of propagating ion beam longitudinally – produce 
bunching of initially long beam pulses [34,35,36, 37]. 
However, for short propagation in the plasma, the deleterious effects of the instabilities 
were shown to be small experimentally and theoretically for the Neutralized Drift 
Compression eXperiments (NDCX): NDCX-I [20-22, 32] and NDCX-II experiments [38, 
39]. The established level of self-electromagnetic fields in the presence of the ion-beam 
driven two–stream instability strongly depends on the instability saturation mechanism 
[32, 37]. It has been shown both in the presence and absence of external magnetic field, 
that ion-beam-driven two-stream instability saturates by the wave-particle trapping of 
either of beam ions or plasma electrons depending on the beam and plasma parameters: 
the beam density, plasma density and ion mass [27, 32, 37]. Therefore, these parameters 
determine the peak self-electric and magnetic fields produced by the instability.  
Moreover, the value of the ratio of beam radius relative to the plasma skin depth also 
influences both the self-electric and self-magnetic fields. For NDCX-II parameters it was 
shown previously [32, 34, 37] that the two-stream instability does not significantly distort 
the beam radial profile during propagation and compression. A diagnostic approach 
tracking the spot size of an extracted beamlet of small radius was proposed in Ref. [34] to 
detect the presence of the instability in the case of a Li+ beam for NDCX-II experiment 
[38, 39].  
We have performed a range of particle-in-cell (PIC) simulations using the PIC code LSP 
[40] to investigate general scaling of saturation mechanisms of two-stream instability, 
and corresponding self-electromagnetic fields and the defocusing force acting on beam 
ions as a function of background plasma density.  In the first part of the paper, a proton 
beam with beam velocity ݒ௕ ൌ ܿ/2, where c is the speed of light in vacuum, propagating in a cold carbon plasma has been simulated. We have varied the ratio of beam density, 
݊௕, and plasma density, ݊௣ and investigated the magnitudes of the self- electromagnetic 
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fields at instability saturation and have determined the defocusing forces that the intense 
beam pulse experiences during propagation.  
We have also studied the instability saturation mechanism for different beam ion masses 
and verified previously proposed scaling for two-stream instability saturation and 
defocusing force with the ion mass and beam and plasma density [32, 37].  
Finally, for the NDCX-II Li+ ion beam, we have also performed simulations in the two 
limits: the beam radius, ݎ௕, large or small relative to the plasma skin depth, ߜ௦௞௜௡,  ݎ௕ ൐ ߜ௦௞௜௡ and ݎ௕ ≪ ߜ௦௞௜௡. These results demonstrate the effect that the ratio of the beam radius to the plasma skin depth has on the self-electromagnetic fields and, consequently, 
defocusing of the ion beam pulse during propagation in the background plasma. 
This paper is organized as follows. In Sec. II we give a brief description of the simulation 
set-up and the particle-in-cell code LSP used for the simulations. In Sec. III, we present a 
theoretical description of the non-linear self-electromagnetic fields generated by the ion 
beam driven two-stream instability and how the magnitude of self-electromagnetic fields 
depends on the beam and plasma parameters, including the ratio of beam density to 
plasma density, the beam ion mass and the beam radius.  In Sect. IV we compare results 
of the PIC simulations with an analytical model for instability-driven electron current and 
discuss scaling of the self-electric and self-magnetic field at the saturation of the two-
stream instability with the ratio of the beam and plasma densities. In Sect. V we 
demonstrate the dependence of the radial defocusing force on the beam ion mass and 
present the simulation results for the Li+ ion beam pulse of the NDCX-II experiment and 
the potential implications for future heavy-ion fusion experiments. In Sect. VI we discuss 
the two-stream instability for a flat-top beam radial profile, which is more relevant than a 
Gaussian for intense beams. In Sect. VII we present simulation results of two-stream 
instability for a proton beam generated by a laser. Finally in Sec. VIII, we summarize key 
results from the previous sections and draw conclusions. 
II- Simulation Setup 
As a base case, an intense proton (H+) beam pulse is injected into plasma; the beam pulse 
radial and longitudinal profile is a Gaussian 
݊௕ሺݎ, ݖሻ ൌ ݊௕଴exp ൬െ ௥
మ
௥್మ െ
௭మ
௟మ್൰. 
Here, the maximum beam density, ݊௕଴ ൌ 2	 ൈ 10ଵ଴	ܿ݉ିଷ, the beam radius, ݎ௕ ൌ 2	ܿ݉, the beam velocity, ݒ௕ = c/2, where c is the speed of light in vacuum, characteristic pulse 
duration, ݐ௣௨௟௦௘ ൌ ݈௕/ݒ௕ ൌ 4.44	݊ݏ, and the total pulse duration was limited to 12 ns, 
(that is: no beam ions are present in the pulse outside this duration). The background 
plasma density, ݊௣ was varied in the simulations to investigate its’ effect on self-
electromagnetic fields of the ion beam pulse propagating in the background plasmas and 
further details are given in Sec. IV. The simulations were performed using particle-in-cell 
code LSP [40]. Collisions are not taken into account; therefore any effects leading to the 
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radial beam expansion observed in the simulations are solely due to collisionless 
processes of ion beam defocusing by the self-electromagnetic fields.  
We have simulated beam propagation in a 2D slab or cylindrical geometry. In the 
following, x denotes the transverse or radial direction and z denotes the direction of beam 
propagation; 3D velocity space was resolved with y denoting the azimuthal direction for 
cylindrical geometry. The field solver used for the simulation is implicit and electro-
magnetic with the time step, Δݐ, chosen to give an acceptable dispersion error and to 
resolve the plasma frequency, Δݐ ≪ 1/߱௣௘	, where ߱௣௘ is the electron plasma frequency 
of the background plasma. The axial grid size, Δݖ, is chosen to satisfy Δݖ	~	1/ሺ30݇௭ሻ, where	݇௭ ൌ ߱௣௘/ݒ௕ is the resonant wave number of the plasma waves.  This fine 
resolution is needed to fully resolve the axial structure of the plasma waves, which are 
excited by the beam. The radial grid size is fixed at Δݔ ൌ 0.1	ܿ݉. This spatial grid 
provides sufficient resolution to observe changes in the beam radius and the radial 
displacement of beam ions. The domain size for the simulation is x: [-11, 11] cm and 
z: [0, 240] cm. We also employ the moving-frame algorithm. Initially the ion beam pulse 
is simulated in the laboratory frame, as soon as the center of the ion beam pulse reaches 
the center of the simulation domain (which takes 15.5 ns), the moving frame algorithm 
starts and the beam pulse remains always in the center of the moving frame.  
To study the scaling of the self-electromagnetic field with the beam mass, we have 
simulated several cases for a fixed plasma density but varied beam mass. For each 
simulation, the axial grid size and the time step have been adjusted following the same 
procedure described previously. In addition, we have varied the plasma and beam 
parameters to modify the ratio of beam radius and skin depth. This ratio affects 
generation of the return current and, correspondingly, the self-electromagnetic field of the 
ion beam pulse propagating in the background plasma.  
III-Theoretical Overview of the Beam Self-Electromagnetic Fields in the 
Presence of Two-Stream Instability 
An ion beam propagating in background plasma may induce the two-stream instability. 
For a cold plasma and beam in the one dimensional limit, the initial instability growth can 
be determined from the local dispersion function ܦሺ݇, ߱ሻ [1] 
ܦሺ݇,߱ሻ ൌ 1	 െ ఠ೛೐మ 	ఠమ 	 െ
ఠమ್
ሺఠି௞௩್ሻమ 	 ൌ 0        (1) 
Here, ߱, 	߱௣௘, 		߱௕, 		݇		 and ݒ௕ are the mode frequency, the background electron plasma 
frequency, the beam ion plasma density, the wave number and the axial directed beam 
velocity, respectively.  Solving for the complex roots of Eq. (1) yields the oscillation 
frequency and the growth rate of the instability [41]. In the limit where the plasma 
density is significantly larger than the beam density, ݊௣ ≫ ݊௕, the maximum growth rate 
of instability for the resonant wave number, ݇ ൌ ߱௣௘/ݒ௕, is ߛ ൌ 0.7൫߱௣௘߱௕ଶ൯ଵ/ଷ, where 
߱௣௘ ൌ ඥ4ߨ݊௣݁ଶ/݉௘ is the electron plasma frequency, e denotes unit charge, and ݉௘ is 
the electron mass and ߱௕ ൌ ඥ4ߨ݊௕݁ଶ/݉௜ is the beam ion plasma frequency, where ݉௜ 
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denotes the beam ion mass. If the beam propagation time through the plasma, ௧ܶ௥௔௡௦௜௧, is sufficiently long,  ߛ ௧ܶ௥௔௡௦௜௧ ≫ 1, the two-stream instability develops. 
The two-stream instability generates a spectrum of plasma waves, oscillating with 
frequencies close to the plasma frequency, ߱௣௘, but with different wavelengths with a 
spectrum peaked around the resonant wavelength, 2ߨݒ௕/߱௣௘ [23, 25]. The instability 
grows linearly from the noise starting from the beam head.  Because the group velocity of 
the growing waves is comparable with but less than the beam velocity (in the laboratory 
frame of background plasma), the maximum of instability growth moves from the beam 
head towards the beam tail [42, 43] until instability reaches saturation due to nonlinear 
effects of particle trapping in the wave electric field.  
There are two effects that are responsible for ion beam radial defocusing: the radial self-
electric field, ܧ௫, and the azimuthal self-magnetic field, 	ܤ௬. In the presence of the beam-
driven two-stream instability, large-amplitude plasma waves produce sufficiently strong 
axial electric field, ܧ௭. Due to transverse variation in the beam profile, the axial electric 
field strength has a transverse gradient, ׏௫〈ܧ௭ଶ〉. This gradient creates a ponderomotive force in the radial direction acting on plasma electrons; this, in turn, generates a radial 
ambipolar electric field produced to counteract the ponderamotive force [32, 34, 37]. The 
ambipolar radial electric field generated this way defocuses the ion beam. The radial 
temporally and spatially-averaged electric field, ܧ௫ is given by [32, 34, 37] 
ܧ௫ ൎ െ ௘ସ௠೐ఠ೛೐మ 	 ߘ௫|ܧ௭|
ଶ ൌ െ ଵସ௘ 	݉௘ߘ௫ሺݒ௠௘ ሻଶ.        (2) 
Here, ݒ௠௘  is the amplitude of the axial electron velocity oscillation due to the instability. The radial electric field given by Eq.(2) represents a non-linear effect, because it is a 
quadratic function of ݒ௠௘ . Furthermore, because ݒ௠௘ 	 vanishes away from the beam pulse, the radial electric field is positive and is defocusing for the ion beam pulse. 
The two-stream instability also significantly affects the electron return current, and, 
correspondingly, the azimuthal magnetic field, ܤ௬. The two-stream instability provides 
coupling between the beam ions and plasma electrons and this effective “friction” 
between ion beam and electrons “drags” background plasma electrons along the beam 
path. Increased plasma electron flow causes increase in the electron current and yields 
reversal and significant enhancement of the total axial current and, consequently, the self- 
magnetic field [23, 32, 34, 37]. (Note that in case of an electron beam pulse instead of ion 
beam, the modified by two-stream instability current is in the same direction [25, 28]). 
In the presence of the ion beam-driven two-stream instability, the total electron return 
current density can be calculated by time-averaged cross product of ൏ ߜ݊௘	ߜݒ௠௘ ൐ of the perturbations in electron density and electron axial velocity generated by the instability 
[37] 
൏ ߜ݊௘	ߜݒ௘ ൐	ൎ ଵଶ ݊௣ ቀ
௩೘೐
௩್ቁ
ଶ ݒ௕. 	     (3) 
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Here, we use the estimate for the perturbation of the electron density. From the electron 
continuity equation it follows that ߜ݊௘ ൎ ߜݒ௘ ݊௣݇௭/߱௣௘ ൎ ߜݒ௘ ݊௣/ݒ௕, for the plasma 
waves that are resonant with the beam, ݇௭ ൎ ߱௣௘/ݒ௕. 
The self-magnetic field is determined by the Ampere law 
డ
௥డ௥ ݎܤ ൌ
ସగ௘
௖ ൫݊௕ݒ௕ െ ݊௘ݒ௘௭െ൏ ߜ݊௘	ߜݒ௘ ൐൯	, 	   (4) 
and conservation of the electron vorticity or canonical momentum. Here, ݒ௘௭ is the time-averaged over plasma wave time scale electron flow velocity. For long beam pulses so 
that the beam pulse length, ݈௕ is much longer than the beam radius, ݎ௕, ݈௕ ≫ ݎ௕, conservation of the electron vorticity gives [33] 
݁ܤ ൌ െ డడ௥ ݁ܣ௭ ൎ െ
డ
డ௥ ܿ݉௘ݒ௘௭, 	     (5) 
where ݁ܣ௭ ൎ ܿ݉௘ݒ௘௭ is the vector potential. Substituting Eq.(5) into Eq.(4) gives 
െ డ௥డ௥ ݎ
డ
డ௥ ݒ௘௭ ൌ
ସగ௘మ
௖మ௠೐ ൫݊௕ݒ௕ െ ݊௘ݒ௘௭െ൏ ߜ݊௘	ߜݒ
௘ ൐൯	. 	  (6) 
The second term on the right hand side describes the return current density caused by 
electron response to inductive electric field driven by the time dependent beam self-
magnetic field [33]. If the beam radius is small compared with the skin depth, ݎ௕ ≪ܿ/߱௣௘, the return current density can be neglected and the total current, which is the sum 
of the beam current ܬ௭	௕  and total electron current density, ܬ௭௘, and can be approximately calculated using following relation [37]:  
ܬ௧௢௧ ൎ ܬ௭௕ ൅ ܬ௭௘ ൌ ܬ௭௕ ൤1 െ ଵଶ
௡೛
௡್ ቀ
௩೘೐
௩್ቁ
ଶ൨ 			 ൬ݎ௕ ≪ ௖ఠ೛೐൰.    (7) 
The second term on the right-hand side in the brackets comes from the time and space 
averaged term ൏ ߜ݊௘	ߜݒ௘ >. It is important to note that in the limit ݊௣ ≫ ݊௕ (which is 
typically the case for neutralization applications), the non-linear term ଵଶ 		
௡೛
௡್ 	 ቀ
௩೘೐
௩್ቁ
ଶ can 
exceed unity and the total current will be reversed and significantly amplified [23, 32, 34, 
37].  
Because current is reversed, the azimuthal self-magnetic field becomes also reversed, and 
the resulting ݒ௕ ൈ ܤ magnetic force on the beam ions becomes defocusing [37]. As discussed above the radial electric field is also defocusing, therefore both forces lead to 
defocusing of the ion beam pulse, and the ion beam radial profile can become 
significantly distorted. Figure 1 shows the beam profile evolution due to two-stream 
instability. Figure 1(a) shows the initial Gaussian density profile of an ion beam pulse 
prior to the development of the instability (the beam has traveled to the center of the 
simulation domain propagating in the background plasma for t = 16 ns, being injected at 
the boundary at t=0). Figure 1 (b) shows the same beam pulse at t = 40 ns, after nearly 6 
m of propagation in plasma after the development and saturation of the two-stream 
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ݒ௠௕ 	ൎ ݒ௕ െ ߱	/݇௭	~ሺߛ/݇௭ሻ ൎ ൫ߛ/߱௣௘൯ݒ௕ ൎ ൫߱௕/߱௣௘൯ଶ/	ଷݒ௕,  (10) 
where  is the growth rate of the resonant mode.  The ratio of electron and ion oscillating 
velocities can be determined from the momentum balance, which gives 
݉௘߱ݒ௠௘ ~݉௕ሺ߱ െ ݇௭ݒ௕ሻݒ௠௕ . 
Solving for ݒ௠௘  and assuming ߱ െ ݇௭ݒ௕~ߛ gives [27, 32, 37]   
 ݒ௠௘ 	≅ 	 ቀ௠್௠೐ቁ ൬
ఊ
ఠ೛೐൰ ݒ௠
௕ ൎ ቀ௠್௠೐ቁ ൬
ఊ
ఠ೛೐൰
ଶ
ݒ௕. (11) 
Depending on condition which of the species reaches their respective saturation level 
oscillation amplitude first, the instability saturates by the particle trapping of either beam 
ions or the plasma electrons. The saturation value of electron velocity oscillation 
amplitude normalized by beam velocity is given by [32, 37]: 
 ቀ௩೘೐௩್ቁ~minൣߙ, 	1൧, ߙ ≡ ൬
௡್
௡೛൰
మ
య ቀ௠್௠೐ቁ
ଵ/ଷ. (12) 
The first limit in Eq.(12) corresponds to the case if the instability saturates by ion 
trapping mechanism, and the second limit corresponds to the case if the instability 
saturates by the electron trapping mechanism. Note that the dimensionless parameter, ߙ 
in Eq. (12) predicts the mechanisms of two-stream instability saturation depending on the 
beam and plasma parameters, such as the beam density, plasma density and the beam ion 
mass. If 
 ߙ ൌ ൬௡್௡೛൰
మ
య ቀ௠್௠೐ቁ
ଵ/ଷ>1,  (13) 
the saturation mechanism of the two-stream instability is due to electron trapping and if 
ߙ ൏ 1, the saturation mechanism of the two-stream instability is due to the ion trapping. 
Therefore, for a given beam density and beam ion mass, decreasing the plasma density 
below some critical value, ݊௣௖,  
 ݊௣௖ ≡ ݊௕ ቀ௠್௠೐ቁ
ଵ/ଶ  (14) 
results in the instability saturation by electron trapping for ݊௣ ൏ ݊௣௖, in which case, the 
electron oscillation velocity amplitude at saturation is approximately equal to the beam 
velocity ݒ௕. In the dense background plasma limit, ݊௣ ൐ ݊௣௖, the instability saturates by 
the beam ion trapping saturation mechanism, and the electron velocity oscillation 
amplitude normalized by beam velocity is given by the scaling parameter ߙ itself, 
according to Eq.(12).  
Similarly, for fixed beam and plasma densities, for a heavier beam ion specie such that 
the beam ion mass is above the value given by 
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The strong dependence of the defocusing Lorentz force acting on beam ions on the 
background density reveal a potential issue for ballistic propagation of the ion beam in 
plasma at high plasma density. Without instability the common assumption is that the 
higher the plasma density the better is the neutralization [45], because to improve the 
neutralization, it is intuitive to introduce more background plasma, i.e. increase ݊௣; after 
all the purpose of the plasma is to reduce the beam space charge and the total current and 
therefore to reduce the self-fields. However, in the presence of the instability, increasing 
the plasma density result in increase of the defocusing force until ݊௣~݊௕ ቀ௠್௠೐ቁ
ଵ/ଶ,  where 
the maximum defocusing force is attained. 
On the other side using tenuous plasma with the plasma density comparable or even small 
compared to the beam density can provide good neutralization as was recently 
demonstrated theoretically46 and experimentally47. 
V- Scaling of Defocusing Force with Ion Mass 
It is important to note that the saturation mechanism of the two-stream instability and, 
consequently, the defocusing forces that the beam experiences in plasma also depend on 
the mass of the ion species, especially in the ion trapping regime. In addition to affecting 
self-electromagnetic fields, changing the beam ion mass affects the evolution of the 
transverse beam profile due to the inertia effects. Reference [37] gives estimates at which 
plasma length the beam defocusing becomes noticeable.  
We noted earlier that the scaling parameter, ߙ, depends on the ratio of beam ion to 
electron mass, as well as depends on the ratio of beam and plasma densities. Therefore, it 
is possible to change the saturation mechanism of the two-stream instability by varying 
the beam ion mass while keeping the beam and plasma densities constant. In order to 
study the beam ion mass effect on the saturation mechanism, we simulated a beam-
plasma system with fixed beam and plasma densities, ݊௕ ൌ 2 ൈ 10ଵ଴/ܿ݉ଷ, 		݊௣ ൌ 1.46 ൈ
10ଵଶ/ܿ݉ଷ, respectively and ion mass in the range ݉௕/݉௘	 ∈ ൣ250, 	2 ൈ 10ଷ൧. We used 
artificially light ions to better demonstrate the scaling in the ion trapping regime. The ion-
beam parameters are ݒ௕ ൌ ܿ/2 and 12 ns pulse duration as before, but with the beam radius of 5 cm. Figure 6 shows the scaling of electron velocity oscillation amplitude with 
ion beam mass. 
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ion beam appertured to very small radius of 1mm and do not change beam radial profile 
for large beam radius. Longitudinal bunching of the ion beam density is high of the order 
of 100% [ 34, 37] , see Fig. 10. The colorplots of the total current density profiles are 
shown in Fig.11. Interestingly plasma waves are excited radially even outside of the ion 
beam pulse at ݎ ൐ ݎ௕. 
Comparison of the PIC simulation results for the self-magnetic field with the analytical 
theory given by the Eq.(6) is shown in Fig.12. For flat-top beam radial profile, the self-
magnetic field is proportional to the current flowing in the skin layer outside of the beam 
[16, 45], making use of Eq.(4) this gives 
ܤ௬ ൌ ସగ௡್௩್ఠ೛ 	 ൬1 െ
ଵ
ଶ
௡೛
௡್ ቀ
௩೘೐
௩್ቁ
ଶ൰.   (19) 
The value of the generated self-magnetic field does not depend on the beam radius as 
evident from Fig. 12 and Eq.(19). Similarly, the defocusing force becomes independent 
of the beam radius for the flat-top beam profile, because the relevant scale of radial 
inhomogeneity corresponds to the skin depth rather than the beam radius. For the beam 
parameters shown in Fig.12,  ߙ~1 and the enhancement of the magnetic field due to 
instability is a factor of 20. For ݎ௕ ൌ 0.1ܿ݉, the beam radius is small compared with the skin depth, and self- magnetic field is very small.   
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13(c),(d) show the electron distribution in the phase space in the axial direction (Z vs. Vz) at the same 
times. 
 
Figure 13 shows the electron phase space in the axial direction (Z vs. Vz) as well as the 
ion beam density profiles before and after the two-stream instability develops. The initial 
beam profile is a Gaussian pulse in the longitudinal direction and has a flattop 
distribution in the transverse direction in a slab geometry. Note that the electrons are 
slightly accelerated initially to neutralize the charge and current of the ion beam ௩௖ ൌ௡್
௡್ା௡೛
௩್
௖ ൎ 7.5 ൈ 10ିହ, which can also be seen in the simulation results. As the instability 
develops, the electrons are perturbed and plasma waves are generated. From Eq. (13), 
ߙ ൌ ሺ1 ൈ 10ିଷሻଶ/ଷ	1836ଵ/ଷ ൌ 0.122 ൏ 1, therefore the saturation mechanism of the 
instability is due to ion beam trapping. It can be seen from Fig 13(d) that electron 
acceleration is moderate and the maximum electron velocity is an order of magnitude 
smaller than the ion beam velocity. The simulation results show that the two-stream 
instability can play an important role for the beam quality if the pulse length is long and 
if the background plasma density is large enough that the instability can develop within 
the ion beam pulse.   
 
VIII-Conclusion 
In this review, we described the effects of beam-driven two-stream instability on 
propagation of the ion beam pulse in background plasma. The self-electromagnetic field 
generated by the ion beam pulse during propagation in plasma before the two-stream 
instability develops focuses the ion beam. In contrast to this, we showed that the non-
linear electromagnetic fields generated by the two-stream instability can result in 
significant defocusing of the beam. 
The magnitude of the self-electromagnetic fields depends strongly on the saturation 
amplitude of axial electron velocity oscillations. By identifying a scaling parameter, 
ߙ	 ൌ ൬௡್௡೛൰
మ
య ቀ௠್௠೐ቁ
ଵ/ଷ, which is a function of the ratio of the beam to plasma densities, and 
beam ion to electron masses, we studied the scaling of the non-linear self-electromagnetic 
fields in wide range of the plasma densities and ion masses. We showed that in the limit 
of low plasma density, ݊௣ ൏ ݊௕ ቀ௠್௠೐ቁ
ଵ/ଶ, the instability saturates by the electron trapping 
mechanism. In the opposite limit, ݊௣ ൐ ݊௕ ቀ௠್௠೐ቁ
ଵ/ଶ, the instability saturates by the ion 
beam trapping mechanism. The azimuthal self-magnetic field and the total defocusing 
force have a maximum in the transition region, ݊௣~݊௕ ቀ௠್௠೐ቁ
ଵ/ଶ.  We identified this 
transition region as the least favorable for a neutralized ballistic propagation of the ion 
beam in background plasma due to deleterious effects of the two-stream instability. We 
24 
 
also showed that in the electron trapping regime (݊௣ ൏ ݊௕ ቀ௠್௠೐ቁ
ଵ/ଶ) increasing the plasma 
density causes an increase of the total defocusing force and can strongly affect ballistic 
propagation in background plasma. This finding is in contrast to previous neutralization 
studies where the effect of the two stream instability was not taken into account and it 
was assumed that denser plasma is better for neutralization of the ion beam pulse. 
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